Introduction
Litterfall nutrient condition affects the nutrient cycling from canopy to soil and could discover species ecological niche (recruitment or outcompete) in the forest (Staelens et al. 2011 ). The carbon and nitrogen level ratio of leaf litterfall was a fine mirror of C and N content of forest floor and decomposition constant of forest floor C and N (Vesterdal et al. 2008) . Forest floor C/N ratio might be predicated the decomposition process (Garten and Hanson 2006) . C level, C content, and organic matter accumulation of forest floor increased with elevation (Horng et al. 2003; Yen and Shiang 2007) . Moreover, the accumulation of litter may affect the environment and plant community structure and ecosystem process (Facelli and Pickett 1991; Tripathi et al. 2006) .
Litterfall production can be related to topographic position (Aceñolaza et al. 2010) , elevation (Röderstein et al. 2005) , vegetation composition (Staelens et al. 2011) , and geological substrates (Kitayama and Aiba 2002) . Litterfall in different forests around the world has been reported as being strongly seasonal and driven by air temperature and rainfall patterns (Tripathi et al. 2006) .
Elevation is a comprehensive factor related to temperature, rainfall, nitrogen deposition, and soil type that affects the storage and turnover of carbon (Garten and Hanson 2006) . In recent years, meta-analyses have explored the effects of climate (temperature and rainfall) on litterfall (Berg and Meentemeyer 2001; Liu et al. 2004 ). Temperature and rainfall were shown to predict the litterfall production of bored leaves and control nearly half of the variation (Brown and Lugo 1982; Liu et al. 2004) . Leaf litterfall nutrient level would show the nutrient resorption proficiency, and they reflect the site quality (Killingbeck 1996) and nutrient conservation (Killingbeck and Whitford 2001) . Oleksyn et al. (2003) considered that northerly populations (colder temperature) had higher resorption proficiency than the lower latitude populations. N concentration of leaf litterfall had significant relationship with temperature and rainfall (Liu et al. 2006) .
Many studies of litterfall, litter decomposition, and nutrient dynamics have been concerned with elevation (Reiners and Lang 1987; Pendry and Proctor 1996; Kitayama and Aiba 2002; Röderstein et al. 2005) , but there was little information available in subtropical forests (e.g., Taiwan). Therefore, the objective of this study was to assess the effects of elevation factors (temperature and rainfall) on litterfall and the nutrient return of evergreen hardwoods at different elevations in central Taiwan. In this study, two questions were addressed: (1) What were the differences of litterfall on nutrient return along different elevation forests, and (2) did the differences correlate with temperature and rainfall? To answer these questions, we compared the litterfall (1) production, (2) components, (3) nutrient concentration and fluxes, (4) litter accumulation on the forest floor, and (5) the decomposition constant from evergreen hardwoods along these three different elevations.
Materials and methods

Study sites
This study was performed on evergreen hardwoods from three elevations ranging from 782 to 2,098 m in central Taiwan (Table 1) . Mt. Peitungyen (24°04′24″ N, 121°07′42″ E; 2,098 m a.s.l.) was located in Renai Township, Nantou County. The leaf area index (LAI) was 1.27. The meteorological data ( Fig. 1) showed that the annual precipitation was 2,800 mm and that the mean temperatures in January, July, and 1-year average were 6.5, 16.9, and 12.3°C, respectively. Hui-Sun experimental forest (HSEF) (24°04′31″ N, 121°02′ 05″ E; 1,066 m a.s.l.) is located in the Guandaushi watershed, Nantou County. The LAI was 1.81. The annual precipitation was 3,041.1 mm, and the mean temperatures in January, July, and 1-year average were 12.8, 24.3, and 19.4°C, respectively. Lienhauchi was located in the Lienhauchi no. 5 watershed (23°55′51″ N, 120°53′34″ E; 782 m a.s.l.), Taiwan Forestry Research Institute, Nantou County. The LAI was 2.02. The annual precipitation was 2,132.5 mm, and the mean temperatures in January, July, and one-year average were 14.6, 24.6, and 20.3°C, respectively.
The dominant tree families were Fagaceae, Lauraceae, and Theaceae at Mt. Peitungyen and HSEF; their importance value indexes (IVIs) were 22.92, 21.81, and 9.99 at Mt. Peitungyen where there was montane evergreen broad-leaved forest formation, and then IVIs were 14.05, 22.67, and 5.11 at HSEF where there was lower montane evergreen broad-leaved forest. The dominant tree families were Lauraceae, Fagaceae, and Araliaceae at Lienhauchi where there was lower montane-lowland secondary broad-leaved forest, and their IVIs were 21.64, 16.06, and 4.58 (Chiou et al. 2009 ).
Litterfall and litter collection
The litterfall was collected monthly from March 2009 to February 2010 in the three evergreen hardwood forests using traps. These traps were nylon mesh (1×1 mm) net and were set 45 cm above the forest floor. Nine litter traps were set randomly at each site. The litterfall samples were brought to the laboratory and sorted into four portions: leaves (bud, stipule), reproductive material (e.g., flowers, fruits, and seeds), twigs (small branches with diameter <2.0 cm and bark), and other material (e.g., unrecognizable plant debris <2 mm in size, epiphytes, insect bodies, and feces). The sorted components were oven-dried at 65°C for 7 days to constant weight, weighed, and milled for chemical analysis.
The fine litter on the forest floor was sampled using a 625-cm 2 wooden frame once every three months from March to December, 2009. Three to six randomly distributed replicate samples at each elevation were taken. These samples were oven-dried at 65°C for 7 days and weighed.
Chemical analysis
Samples for analysis were ground, homogenized, and passed through a 0.2-mm sieve, then digested by triacid digestion (perchloric, nitric, and sulfuric, 1:5:1). The P, K, Ca, and Mg concentrations were measured using inductively coupled plasma-atomic emission spectrometry (Leeman Labs, USA). The total C and N contents were analyzed via dry combustion using an elemental analyzer (CHNOS Elemental Analyzer, Vario EL, Germany).
Data processing and statistical analysis
Mean values were calculated for each category and each sampling date at each site. Nutrient content was calculated by mean concentration (%) of each element multiplied by the mean mass of each litterfall components. The ratios of C to N were calculated by C concentration in litterfall divided by N concentration. The nutrient content (kg ha The effects of elevation on mass, nutrient concentrations, the fluxes of litterfall components, and their accumulation in the litter were analyzed using Duncan's new multiple range tests. The relations between the different litterfall components and the temperature or precipitation were analyzed using Pearson's correlations. All statistical analyses were performed using the procedure generalized linear model in the SAS System v. 9.1.3 for Windows, and the accepted level of significance was p<0.05. Moreover, we estimated the decomposition constant (k) of the litter using the mass balance method (Olson 1963 ). The mass loss over time was fitted to a simple negative exponential model:
where x 0 is the original mass of the litter, x t is the amount of litter remaining after time t, t is the time (year), and k is the decomposition rate (year −1 ).
Results
Litterfall along different elevation sites
The total litterfall ranged from 6.58 to 9.17 Mg ha
along the three evergreen hardwood forests in central Taiwan during the period from March 2009 to February 2010. The litterfall at the lowest site was significantly higher than at the highest site. The annual litterfall decreased with elevation ( Table 2 ). The leaf litterfall at the lowest site was significantly higher than that at the highest site. On the contrary, the reproductive litter at the lowest site was lower than at the highest site. Twigs and other materials were not significant among the three different elevation forests. The correlation coefficient between the components of litterfall and the climate variables (rainfall and temperature) during the 1-year period indicated (Table 3 ) that the leaf litterfall was positively correlated with temperature at Mt. Peitungyen and positively correlated with rainfall at Lienhauchi. The twig litterfall correlated positively with rainfall at Mt. Peitungyen and Lienhauchi. Other materials correlated positively with temperature at all three elevations. The total litterfall correlated positively with rainfall at Lienhauchi, with temperature at HSEF, and with temperature and rainfall at Mt. Peitungyen.
Spatial and temporal variation in litterfall
The variation in the monthly litterfall among the three evergreen hardwood forests is shown in Fig. 2 . In terms of leaf litterfall, there were two peaks at each site during the year, in May and August at Mt. Peitungyen and Lienhauchi and in May and July at HSEF. The lowest production was in January at each site. The ratios of the highest to the lowest production were 10.5, 4.8, and 5.6 at Mt. Peitungyen, HSEF, and Lienhauchi, respectively. The obvious variation of the monthly litterfall in twig production is shown in Fig. 2b . At Mt. Peitungyen and Lienhauchi, the highest peaks were found in August. At HSEF, there were two peaks, in July and October. The lowest production was in September at Mt. Peitungyen and HSEF and in January at Lienhauchi. The ratios of the highest to the lowest production were 130.4, 20.4, and 34.0 at Mt. Peitungyen, HSEF, and Lienhauchi, respectively. There was significant variation at Mt. Peitungyen.
The variation of monthly reproduction is shown in Fig. 2c . There were three peaks, in August, June, and December, at Mt. Peitungyen, and the lowest production was found in September. There were two peaks, in July and April, at HSEF with the lowest production in January. The highest production was in June, and the lowest was in January at Lienhauchi. We identified the reproductive material as Schima superba capsule in June, flowers in August, and Michelia compressa follicles in December at Mt. Peitungyen. At HSEF, we found Helicia formosana fruit and Castanopsis kawakamii staminate flowers in April and Litsea acuminata staminate flowers in July. At Lienhauchi, the composition of the reproductive litter included pods of Mucuna macrocarpa in May and Engelhardtia roxburghiana staminate flowers in catkins in June.
The monthly variation of the other material is displayed in 2(d). There was a clear peak in August at Mt. Peitungyen, and during May to August, the fluctuant range of mass was 36.0-84.2 kg ha −1 . The range was 12.4-23.0 kg ha −1 in the other months. At HSEF, the highest mass was found in July and the lowest mass was found in December. At Lienhauchi, the first peak was in June, the second peak was in August and the lowest peak was in December.
Fractions of litterfall
The different components of litterfall production at the three evergreen hardwood forests are shown in Table 2 . The leaf litterfall was significantly higher than any other fractions. This portion accounted for 61-67 % of the total litterfall. In relation to the elevation, Lienhauchi and HSEF had significantly higher leaf portions than Mt. Peitungyen, but the reproductive litter at Mt. Peitungyen was significantly higher than at Lienhauchi. The second largest portion was twigs, which accounted for 18-22 % of the total litterfall. The reproductive litter made up 6-16 % of the total litterfall. The smallest portion was other material, accounting for approximately 5-6 % of the total litterfall, and there were no significant differences among the elevations.
Litterfall nutrient concentrations and fluxes
The N concentration in the leaf litterfall at Lienhauchi was significantly higher than at HSEF, and the K concentration in the leaf litterfall was the highest at Lienhauchi (Table 4 ). The C, Ca, and Mg concentrations in the twig litter showed no significant differences among the elevation sites. At Lienhauchi, the N and K concentration in the branch litter was the highest among the different elevations. The litterfall P concentration of leaves and twigs at Mt. Peitungyen was higher than at HSEF, but no significance at Lienhauchi The carbon concentration of the reproductive litter at Mt. Peitungyen was higher than at HSEF but showed no significant difference with Lienhauchi. The K concentration of the reproductive litter at Lienhauchi was higher than at Mt. Peitungyen, but the N, P, Ca, and Mg concentrations were not significantly different among the elevation sites. The nutrient concentrations in the other material of the litterfall were not significantly different among the elevation sites, except that the K at Lienhauchi was higher than at HSEF. The different portions of the litterfall had different nutrient content. The N content in the other material was the highest, followed by the reproductive litter and then the leaf and the twig litterfall. The Ca concentration was the highest in the branches. The P concentration of the other material and the reproductive litter was higher than that of the leaves and twigs. The K concentration was highest in the reproductive litter and lowest in the twigs.
The nutrient fluxes of C, N, P, K, Ca, and Mg tended to be higher at Lienhauchi than at HSEF and Mt. Peitungyen (Table 5 ). The leaf litterfall was the most important pathway for nutrient return at each site. The leaves contributed more than 60 % of the C, N, K, Ca and Mg fluxes, except that the N and Ca fluxes were slightly low at Mt. Peitungyen. The P flux in the reproductive litter contributed 27 % of the total litterfall, which was more than half the leaves contribution at Mt. Peitungyen. Overall, the N and K fluxes at Lienhauchi were significant higher than at Mt. Peitungyen.
Litter accumulation and turnover rate
The mass of litter among the elevation sites showed no significant differences. The carbon concentration was significantly higher at Mt. Peitungyen than at Lienhauchi. The K concentration was significantly higher at Lienhauchi than at HSEF and Mt. Peitungyen (Table 6 ). The C/N in the litter layer was higher at Mt. Peitungyen and at HSEF than at Lienhauchi.
The decomposition constants were 0.487, 0.777 and 0.764 at Mt. Peitungyen, HSEF, and Lienhauchi, respectively. The litterfall decomposition constants showed that faster rate was at HSEF and Lienhauchi, then slower was at Mt Peitungyen.
Discussion
Litterfall mass along different elevation sites
The annual litterfall productions at the three sites in central Taiwan were within the range of tropical broadleaf evergreen ) (Vogt et al. 1986 ). In general, three factors would change with the elevation gradient, including the heat budget, water budget and plant growth form; and these factors might influence the primary production and litterfall (Reiners and Lang 1987) . This study showed the litterfall tending to decrease with increased elevation, the same as in other forests. For example, the litterfall production in three tropical montane forests (1,892, 2,380 and 3,060 m) in southern Ecuador (Röderstein et al. 2005) and at the ultrabasic rock site at Mt. Kinabalu (700-3,100 m) in Malaysia (Kitayama and Aiba 2002) decreased with increased elevation. The litterfall production at the 200-m site was significantly higher than at the 800-m site in the evergreen lowland rain forest on Bukit Belalong in Brunei (Pendry and Proctor 1996) . However, when Röderstein et al. (2005) used a metaanalysis of the foliar litterfall data from many tropical forests (1,000-3,060 m), they did not find a significant change with elevation, and Kitayama and Aiba (2002) also did not find the litterfall to decrease with elevation (700-3,100 m) in the sedimentary rock site at Mt. Kinabalu. Elevation was a synthetically created environmental factor that included temperature and rainfall, which adequately determined the annual litterfall production (Brown and Lugo 1982) . Substituting the annual mean temperature and rainfall data at each site in the Brown and Lugo (1982) formula, Y ¼ 16:0 þ 16:7 log X À 6:5X; X ¼ T=P Â 100 Y; Mg ha À1 year À1 ; T; C; P; mm year
we obtained estimated values of 7.17、8.59、and 9.46 Mg ha −1 year −1 at Mt. Peitungyen, HSEF and Lienhauchi, respectively, which slightly overestimated the monitoring data. According to Table 3 , both rainfall and temperature had a positive relation with the litterfall production at Mt. Peitungyen, indicating that litterfall production is controlled by the two factors. However, the litterfall production was controlled by temperature at HSEF and by rainfall at Lienhauchi. In general, the amount of the other material (including insect bodies and feces) was positively affected by temperature in the three evergreen hardwood forests, and this may be related to the actions of insects during the warm summer.
The good canopy under enriching light favored the woody plants and increased production of flowers and fruit. According to field observation at Mt. Peitungyen, there was more space (lower LAI) between the canopies, allowing the trees to get more light for photosynthesis, promoting flower development. This explains why the amount of reproductive litter was significantly higher at Mt. Peitungyen than at Lienhauchi.
Litterfall nutrient return and accumulation
The N concentration in the leaf litterfall at Lienhauchi was higher than at HSEF, indicating a contribution from nonpoint source pollution via agricultural and human activity. The ammonia concentration in the bark epiphyte and soil of Pinus sylvestris in the ecosystem near a nitrogen-manure factory was higher than in a pollution controlled area in Poland (Seniczak et al. 1998) . The presence of M. macrocarpa, a nitrogen-fixation species, would also affect the results. Killingbeck and Whitford (2001) indicated that a symbiotic nitrogen-fixing species, e.g., Prosopis glandulosa, maintained at least 2.3 times more nitrogen concentration in the foliar litter than other species. Liu et al. (2006) , concerned with the effect of temperature or rainfall on the N concentration in leaf litter, performed regression analysis on an Eurasian functional group forest (including conifers, broadleafs, deciduous plants, evergreens, and the genus Pinus) and found that the combined temperature and precipitation accounted for 30-52 % of the variation in the N concentration in leaf litter for all the groups. There were highly significant linear (p<0.001) relations that did not consider the factors, such as species composition, N deposition in the atmosphere, elevation, slope, and soil N concentrations. Although rainfall was not the highest at Lienhauchi, the temperature was higher than the other two sites. This may explain the results for the higher leaf N concentration, but we need to collect more data to confirm these results. At Lienhauchi, the K concentration of the leaf litterfall was higher than at the other sites, which might relate to the contribution from nonpoint source pollution, higher temperatures, or soil conditions. Nutrient retranslocation, a common phenomenon in woody plants, refers to the resorption of the movable nutrients from senesced organs to permanent tissue for storage and usage. Killingbeck (1996) investigated nutrient resorption proficiency, based on the mean concentration of N and P in the leaf litterfall. An N concentration lower than 0.7 % represents complete resorption, but higher than 1.0 % represents incomplete resorption, and a P concentration lower than 0.04 % represents complete resorption, but higher than 0.05 % represents incomplete resorption in senesced leaves in an evergreen species. We compared our results (Table 4) with the critical value and found that the three sites showed incomplete N resorption, but complete P resorption at HSEF. The result indicated that P was the limiting nutrient at HSEF.
The litterfall nutrient concentration may be affected by temperature (Liu et al. 2006) . In general, temperature usually decreased with increasing elevation. In Europe, Oleksyn et al. (2003) indicated that in Pinus sylvestris populations at high elevations, decomposition was slower and the longer retention time in the nutrient-limited soil led to lower N and P concentrations in the senesced leaves and led to higher resorption proficiency. In our study, the N concentration in the leaf litterfall at Mt. Peitungyen (where the annual mean temperature was the lowest) was the lowest, and the resorption proficiency was the highest. The results matched those found by Oleksyn et al. (2003) . They found that when the annual mean temperature was lower, the N concentration in the leaves was lower, but they did not find the same trend for P concentrations.
The concentrations of N in the leaf and twig litterfall at Mt. Peitungyen and at HSEF were lower than in the floor litter (Tables 4 and 6 ), which matched the results found in the lowland rain forest in Brunei and in the neotropical montane forest of Costa Rica (Nadkarni and Matelson 1992; Pendry and Proctor 1996) , probably due to microbial immobilization in the forest floor litter. However, the concentrations of N in the leaf litterfall were higher than in the floor litter at Lienhauchi, and the C/N ratio (30 in the litterfall and 25 in the litter) was lower on the litter floor. The N decomposition released the nutrient as a source for the ecosystem, and then it abundantly supplied N to the microbes sinking into the ecosystem. The annual mean temperature was higher (20.3°C) at Lienhauchi than at the other two sites and likely resulted in strongly microbial activity, promoting mineralization of the litter. At the three elevations, the K and Mg concentrations in the floor litter were lower than in the leaf and twig portions of the litterfall, probably caused by mineral leaching (Kozlowski et al. 1991; Nadkarni and Matelson 1992) .
Litter and decomposition rate along different elevation sites
The forest floor mass usually increases with a decrease in temperature and as the elevation increases toward the pole (Vogt et al. 1986 ). Horng et al. (2003) studied the accumulation of floor litter in Taiwan, and their results showed the litter floor amount ranged from 2.31 to 13.39 Mg ha −1 in evergreen hardwood forests at elevations of 400-2,300 m. Our results at Lienhauchi and HSEF were within that range, but were slightly higher at Mt. Peitungyen. The carbon concentration in the forest floor litter increased as the elevation increased, similar to the results of Yen and Shiang (2007) , who indicated that the carbon concentration of the forest floor litter at high elevation (≧2,500 m) was significantly higher than at low elevation (≦1,499 m). Because the temperature decreased with increased elevation, the decomposition process was slower at high elevations (Kitayama and Aiba 2002) , and the carbon concentration was increased.
We estimated the decomposition rate of the forest floor by the methods proposed by Olson (1963) . The results showed that the rate decreased as the elevation increased, indicating that the decomposition rate was slower at high elevation. In a warm climate, the rate of organic matter decomposition is faster, and the mineral nutrients accumulate in or on the soil; however, in a cold climate, the decomposition is slower, and the mineral nutrients accumulate in the litter, leading to a lack of mineral nutrients in the soil (Kozlowski et al. 1991) . Similar cases occurred in other forests, such as the tropical rain forest at Mt. Kinabalu in Malaysia (Kitayama and Aiba 2002) and the evergreen lowland rain forest at Bukit Belalong in Brunei (Pendry and Proctor 1996) . Simmons et al. (1996) indicated that the C turnover time was correlated to the latitude and temperature indices. Slower decomposition in the Northern region was attributed to a combination of lower specific activity at temperatures below 13°C, cooler average temperatures, and a shorter frost-free season. Domisch et al. (2006) suggested that the temperature of the soil was an important factor influencing organic matter decomposition, and therefore, global warming may speed up the decomposition rate.
For microbes, N is an important nutrient, and C is a main source of energy, so the C/N ratio is one of the factors that affect the decomposition rate. Although the N concentration in litter showed no significant difference among the elevations, the C concentration in litter at Mt. Peitungyen and HSEF were significantly higher than that at Lienhauchi. Consequently, the C/N ratio in the litter showed a significant difference among the elevations and was lower at Lienhauchi than at the higher elevation forests. Vesterdal et al. (2008) studied the forest floor beneath six common European tree species and indicated a strong relation between the decomposition constant of the C and N in the forest floor leaf and the C/N ratio in the leaf litterfall. The results showed that a higher C/N ratio in the leaf litterfall resulted from a slower organic matter decomposition rate. In our study, at higher elevation sites (Mt. Peitungyen), the C/N ratio in the litter was higher and the decomposition rate was slower than at the lower elevation site (Lienhauchi). However, Garten and Hanson (2006) indicated that the N concentration in the litter floor increased with elevation, and the C/N ratio in the litter decreased as the elevation increased. Berg (2000) deemed that a higher N concentration or a lower C/N ratio in the litterfall quality would lead to a great deal of organic matter remaining in the soil and a greater accumulation of humus at the end of the decomposition. He indicated that a high N concentration inhibits the lignin degradation enzyme that drives humification, thereby restricting the soil organic matter decomposition.
Conclusions
Based on monitoring litterfall along three elevations in central Taiwan, we conclude that the annual litterfall (9.17-6.58 Mg ha −1 year −1 ) and decomposition constant (0.777-0.487) decreased with an increase in elevation. The nutrient fluxes increased as elevation decreased. Although the mass of the standing crop litter among the different elevations showed no significant differences, the C concentration was significantly higher at the highest elevation forest than at the lowest forest. At low elevation forests, the C/N ratio in the litter was lower than that at higher elevation, and the decomposition rate was faster. Thus, the forest managers should pay more attention to understand and monitor plant community responses to global warming and nutrient loss.
